1. Introduction
===============

Cigarettes smoking, which is a serious public health issue, is a substantial economic and social burden worldwide.^\[[@R1]\]^ Nicotine smoking is recognized to be an independent risk factor for various diseases, such as lung cancer, cardiovascular disease, stroke, and chronic lung disease.^\[[@R2]\]^ In United States, smoking-attributable deaths are estimated to be as high as 200,000 for men and 180,000 for women yearly.^\[[@R3]\]^ In European Union, approximately 700,000 people die prematurely each year because of cigarettes smoking^\[[@R4]\]^; in addition, an estimated 443,000 people die prematurely from exposure to second-hand smoking each year,^\[[@R5]\]^ making tobacco use the single largest preventable cause of diseases, disabilities, and deaths.

Various tobacco replacements have been developed to reduce the hazard caused by smoking nicotine cigarettes.^\[[@R6]\]^ The most popular program is nicotine replacement therapy (NRT), which is a strategy to deliver pharmaceutical grade nicotine in the form of patch, gum, lozenge, sublingual tablet, inhalator, or spray.^\[[@R7]\]^ Although NRT is a short-term, safe, and effective smoking substitute, fewer than 20% of the users have reported successfully quitting smoking after 12 months.^\[[@R8]\]^ In addition, NRT use is accompanied by considerable complaints on unpleasant adverse events, or difficulty in using NRTs.^\[[@R9]\]^ Recently, e-cigarettes have been promoted as an alternative to smoking owing to its potential in helping quit.^\[[@R10]\]^ Despite the wide variations in design, contents, and operational features, the majority of e-cigarettes mimic cigarettes behaviors and vaporize the mist from a nicotine-containing liquid after activating the heating element.^\[[@R11]\]^ Consequently, the smokers inhale the mist produced, which is behaviorally similar to the cigarette. Besides that, e-cigarettes have been generally regarded as more cost-effective, amenable to use in smoking-restricted environments, and more socially acceptable than other cigarettes alternatives.^\[[@R12]\]^ In addition, proponents maintain that e-cigarettes are a safer smoking cessation aid because of less tobacco toxicants and chemical exposure to the users.^\[[@R13]\]^

Despite the recent prevalence of e-cigarettes, their efficiency in cutting down smoking and quitting smoking accompanied by their potential health risk particularly with respect to their long-term use have not yet reached a consensus.^\[[@R14]\]^ A 6-month prospective study indicated the use of e-cigarettes substantially cut down cigarettes use without causing significant adverse events in smokers not intending to quit.^\[[@R15]\]^ A prospective 12-month randomized controlled trial (RCT) suggested that the use of e-cigarettes with or without nicotine would decrease cigarettes consumption and elicited enduring tobacco abstinence without causing significant adverse events in smokers not intending to quit.^\[[@R16]\]^ Another RCT involving 657 smokers revealed that e-cigarettes were modestly effective in helping users quit, which was similar to the efficiency of nicotine patches in 6-month quit rates.^\[[@R17]\]^ Whereas, a recent online survey on 3627 US smokers showed that no increased quitters were observed after 1-year consumption of e-cigarettes compared with other substitutes,^\[[@R18]\]^ which is consistent to a previous longitudinal international study demonstrating that e-cigarettes users did not quit more frequently than nonusers.^\[[@R19]\]^ Meanwhile, the debates on the safety have been raised as a primary consideration of e-cigarettes. Previous studies showed that e-cigarettes contained very low levels of tobacco-specific nitrosamines and much lesser toxin than tobacco cigarettes.^\[[@R20]\]^ However, the US FDA has warned against e-cigarette use and argued that e-cigarettes be classified as drug-delivery devices similar to nicotine inhalers. Several countries such as Canada, Australia, Brazil, and Panama have taken a more aggressive stance, banning e-cigarettes because of safety concerns.^\[[@R21]\]^ In addition, a web-based survey on 179 Polish considered that e-cigarettes were a source of second-hand exposure to nicotine but not to combustion toxicants.^\[[@R22]\]^ Under this circumstance, no consistent conclusions have been drawn concerning the efficiency and adverse effects of e-cigarettes.

This study aims to assess the efficiency of e-cigarettes on smoking reduction and smoking cessation together with their adverse events using meta-analysis that scientifically summarized all of the existing studies. For better evaluation, factors that have potential influences, such as smoker age, cigarettes, and e-cigarettes utilization, were also considered in this systematic review.

2. Methods
==========

2.1. Search strategy
--------------------

A literature search was conducted in online databases, including PubMed, EMBASE, web of science, Google scholar, the Chinese Medical Citation Index (CMCI/CMCC integrated version), and the CENTRAL database of the Cochrane Library. The search strategy was as follows: "electronic cigarette (s)," "e-cigarette (s)," "e-cig (s)," "smoking alternatives," "electronic cigarettes vapor," "e-cigarettes liquid," "e-cig composition," "e-cig chemicals," "e-cig chemical composition," "electronic cigarettes gas," "electronic cigars," "electronic nicotine delivery device," and "electronic nicotine delivery systems." The language of the papers was restricted to English and Chinese. The search covered the literature published from January 2003 to July 2017.

2.2. Selection criteria
-----------------------

The studies that met all of the following four criteria were enrolled: Smoking reduction and smoking cessation attributed to e-cigarettes were reported. The smokers had a consumption history of both cigarettes and e-cigarettes. The chemical constituent of the e-cigarettes was reported. A quantitative assessment of the efficiency of e-cigarettes was presented by calculating the accurate number of smoking reduction, smoking cessation, and quit failures.

2.3. Exclusion criteria
-----------------------

The studies that met any of the following 4 criteria were excluded: The participants who had diseases reported in studies; The description of the baseline conditions of participants and e-cigarette ingredients is unclear; The endpoint indicators of the efficacy about smoking reduction, smoking cessation, and adverse events were absent; Any duplicated publications, reviews, and systematic reviews.

2.4. Definition
---------------

Smoking reduction is defined as a minimum 50% cutting down of daily tobacco consumption from baseline to 1-year follow up.^\[[@R23],[@R24]\]^ Whereas, the definition of smoking cessation ranges from single point prevalence to sustained abstinence (multiple point prevalence with self-report of no slips or relapses),^\[[@R25]\]^ which is determined according to the definitions in the original studies.

2.5. Selection criteria and date extraction
-------------------------------------------

The data were independently extracted by 2 reviewers (Xing Liu and Wan Lu) and all the data should include the following characteristics: a description of the study population (age, gender, sample size, and groups), study details (first author, year of publication, country of publication, study designs, and endpoint indicators), and pooled data (rates of smoking reduction, smoking cessation, adverse events, and measured eCO levels). Among them, the pooled data of smoking reduction, smoking cessation, and adverse events were extracted from the RCTs, observational studies, and online surveys, respectively. In addition, the pooled data of measured eCO level was extracted from both RCTs and online surveys. Considering the difference in study design that 3 groups (e-cigarettes, patches, and placebo) existed in RCTs and only e-cigarettes group existed in both observational studies and surveys, only data in the e-cigarettes group were extracted from RCTs for better comparison. When a discrepancy in the data is existing, a third researcher was consulted to reach a final consensus after discussion.

2.6. Quality assessment
-----------------------

The non-RCTs were evaluated using a Newcastle--Ottawa Scale for quality assessing (Cross-Sectional/Prevalence Study Quality).^\[[@R26]\]^ The RCTs were evaluated using a CONSORT 2010 statement.^\[[@R27]\]^ Blinded quality assessments of the included literature were performed by 2 researchers, and a third researcher was consulted for the final grading if discrepancy was presented.

2.7. Statistical analysis
-------------------------

We anticipated heterogeneity between studies due to different study designs, methods of analysis, different using time of e-cigarettes, e-cigarettes dose, nicotine dose in e-cigarettes, history of cigarettes smoking, and cigarettes dose. We used a random-effects model to account for both within and between study heterogeneity. Heterogeneity was examined using the standard *I*^2^ test. The analysis was done using Stata Software (Version 15.0, StataCORP, TX) and Review Manager (RevMan) 5.3 (<http://ims.cochrane.org/revman>). Statistical significance was taken as 2-sided *P* \< .05.

3. Results
==========

3.1. Search result and methodological quality assessment
--------------------------------------------------------

A total of 198 publications were eventually retrieved from the search, and no conference materials were included in the systematic review. We identified 75 individual publications after excluding the duplicated materials from the searched electronic library. In addition, we excluded 48 manuscripts that described the chemical constituents or the e-cigarettes structures rather than the actual efficiency of e-cigarettes. Moreover, 13 other publications were ruled out according to the contents of the full text, including 4 studies that failed to publish detailed information, 1 study that provided no data on the exposure dose of e-cigarettes, 1 paper that nearly completely overlapped the content of other included studies, and 7 reports that had significantly different sample sizes between the study groups and control groups. After these exclusions, 14 publications were finally included in the meta-analysis, and the entire selecting procedure is shown in Fig. [1](#F1){ref-type="fig"}. According to the study designs in Table [1](#T1){ref-type="table"}, we categorized these publications into experimental studies (3 RCTs and 7 observational studies) and surveys (4 online surveys). The CONSORT 2010 statement showed these 3 RCT publications have an average score of 8.32, while an average score of 6.4 (6 articles scored 6, 5 articles scored 5) has been obtained for those non-RCT publications using Newcastle--Ottawa Scale (see Table, Supplemental Content 1, which illustrates the result of quality assessment).

![Search results and the selection procedure.](medi-97-e0324-g001){#F1}

###### 

Baseline of the studies included.
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3.2. Study characteristics
--------------------------

Two endpoint indicators, "smoking reduction" and "smoking cessation," had been promoted to evaluate the efficiency of e-cigarettes as a smoking aid, and a third endpoint indicator "adverse events" was adopted to evaluate the safety of e-cigarettes. We evaluated the baseline levels of these participants and then categorized all of the participants into 6 subgroups according to the following aspects: study designs, using time of e-cigarettes, e-cigarettes dose, nicotine dose in e-cigarettes, history of cigarettes smoking, and cigarettes dose.

### 3.2.1. Effects of e-cigarettes

The pooled rates ranged from 48.3% to 58.7% in cutting down smoking subgroups and they ranged from 13.2% to 22.9% in quitting smoking subgroups according to the random effects model (see Figure, Supplemental Content 2, which illustrates the funnel plots and random effects models). In addition, results showed individuals smoked e-cigarettes less than 12 months were easier to cut down their cigarettes use than those who smoked longer than 12 months (pooled rate 67.6% vs 37.1%) (*P* \< .05). Meanwhile, smokers who smoke ≥3 cartridges/day were easier to quit than those whom smoked 1 to 2 cartridges/day (68.6 vs 50.8) (*P* = .103). Individuals who smoked cigarettes less than 20 years were easier to quit than those who smoked cigarettes over 20 years (27.7% vs 12.1%) (*P* \< 0.05). Similarly, individuals who smoked less than 20 cigarettes/day were easier to quit than those who smoked over 20 cigarettes/day (23.7% vs 19.2%) (*P* \< .05). However, no significant difference was observed in smoking cessation between the individuals who smoked longer or less than 12 months (*P* = .06) (Table [2](#T2){ref-type="table"}).
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The outcome of subgroup-based meta-analysis.
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### 3.2.2. Adverse events of e-cigarettes

The dominant adverse events of e-cigarettes were reported as cough, mouth or throat irritation, anxiety, depressed mood, nausea, and insomnia from included 11 studies that involved 16,406 participants (see Table, Supplemental Content 3, which illustrates the baseline of adverse events). Among them, approximately 12.9% claimed to be anxious or nervous, 6.18% complained of having a depressed or sad mood, and 4.57% felt hungry or were concerned about weight gain. Adverse events were also observed in subgroups (ranged from 49.1% to 51.6%) (Table [2](#T2){ref-type="table"}). The reported adverse events rate in web-based surveys was significantly higher than that in experimental studies (74.3% vs 40.3%) (*P* \< .05). And participants who smoked e-cigarettes more than 3 cartridges/day had a high incidence of adverse events (pooled rate, 63.8%). Smokers who used e-cigarettes less than 12 months also had a high rate of adverse events (pooled rate, 55.0%).

### 3.2.3. The eCO levels

Five studies that reported the eCO levels before and after using e-cigarettes have been analyzed.^\[[@R28]--[@R30]\]^ Results showed the heterogeneity of forest plots was *I*^2^ = 67.2% (Fig. [2](#F2){ref-type="fig"}), suggesting random effects model being acceptable in assessing the difference of eCO levels. A standardized mean difference of 0.37 \[95% confidence interval (95% CI), -0.09 to 0.83\] was obtained, suggesting no significant difference could be found on the eCO levels before and after e-cigarettes use. In the sensitivity analysis, standardized mean difference from fixed effects model was 0.23 (95% CI, 0.06--0.41), suggesting that the meta-analysis result was stable because the 95% CI results from 2 effects models were largely overlapped.
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3.3. Publication bias
---------------------

The funnel plots and forest plots of both the random effects model and the fixed effects model were employed to evaluate the quality of the retrieved data (Supplemental Content 2). Among them, the funnel plots were used to identify and control the publication bias. The results of funnel plots (Supplemental Content 2: F1-F18) were symmetrical, indicating the publication bias did not exist. Because the baseline levels of the included smokers are divergent, random effects model (Supplemental Content 2: R20-R37) was primarily employed to conduct the meta-analysis followed by a confirmation using a fixed effects model (Supplemental Content 2: S39-S56) for sensitivity analysis. The sensitivity analysis (see Table, Supplemental Content 4, which illustrates the outcome of sensitivity analysis) showed that most meta-analysis results of the subgroups were stable.

4. Discussion
=============

Although a series of publications have reported the efficiency of e-cigarettes as an aid for cutting down smoking or quitting smoking, unanimous consent has not been reached on the actual effect of e-cigarettes in real environment, and people are still cautious to their health risk. To the best of our knowledge, this systematic review is the first to address this issue by analyzing all of the published literature that describe both the adverse events and the efficiency of e-cigarettes as a smoking alternative. Although publication bias was observed according to the sensitivity analysis, the included 14 publications that involved 35,665 individuals who smoked both cigarettes and e-cigarettes were the only available sources that could be found by searching the entire publication database until now. As the pilot meta-analysis on the efficiency and reported adverse events of e-cigarettes, this investigation contributes pioneering information to the understanding of the efficiency and adverse events on the ever-increasing use of e-cigarettes.

Our results showed that the e-cigarettes were effective in cutting down smoking (pooled rate, 48.3--58.7%) under a criteria of ≥50% smoking reduction according to the references.^\[[@R29]\]^ In particular, a short-term (≤12 months) use of e-cigarettes would benefit cutting down smoking than a long-term (\>12 months) use (pooled rate 67.6% vs 37.1%) (*P* \< .05). This finding indicated that longer-term exposure to e-cigarettes might hamper the efficiency of smoking reduction, which seems to be contrary to the opinion that a higher nicotine dose will facilitate cutting down smoking. This could be explained by the adaption to e-cigarettes after long-term use. In the initial phase of switching to e-cigarettes smoking from cigarettes smoking, higher nicotine dose was desirable because they could relieve anxious and uncomfortable feelings. However, the enjoyable experience would eventually make them addicted to nicotine-contained e-cigarettes after a long-term e-cigarettes practice.^\[[@R31]\]^ This assumption was supported by a recent survey on 39,882 high school students that suggested e-cigarettes use might increase the risk of conventional smoking in adolescence.^\[[@R32]\]^ In this case, a short-term replacement is desirable in the e-cigarettes assisted cutting down smoking.

Meanwhile, e-cigarettes have a pooled rate ranging from 13.2% to 22.9% on quitting smoking according to the definitions of smoking cessation in the original studies.^\[[@R17]\]^ The definition of smoking cessation ranges from single point prevalence to sustained abstinence (multiple point prevalence with self-report of no slips or relapses).^\[[@R25]\]^ One of these definitions is a minimum 80% reduction of daily tobacco consumption.^\[[@R15]\]^ But some researchers suggested that a 30-day time frame for abstinence would be more appropriate,^\[[@R33]\]^ or a 7-day prevalence abstinence could be used for validation of smoking cessation.^\[[@R34]\]^ Considering each included publication has its own definition of smoking cessation, the definition from the original literature was employed in this meta-analysis to reduce the system errors.

The history of cigarettes smoking is a key factor affecting the efficiency of e-cigarettes in helping people quit. It was observed that shorter cigarettes using time (≤20 years) benefited smoking cessation than longer using time (\>20 years) (pooled rate, 27.7% vs 12.1%), suggesting that shorter cigarettes using time would lead to less addiction.^\[[@R35],[@R36]\]^ However, we noted that users who smoked cigarettes ≤20 years were more difficult to cut down smoking than those who smoked cigarettes \>20 years (pooled rate, 46.3% vs 65.6%), which seems contrary to the conclusion above. It is reasonable when considering the psychological status of those smokers. Individuals with a cigarette history over 20 years have much stronger desire to cut down their smoking than those with a shorter cigarette history because the formers are suffering more smoking-related diseases. Unfortunately, most of the attempts failed because the long histories of addiction make them extremely difficult to quit.

The results showed e-cigarettes containing more nicotine (≥16 mg/mL or ≥3 cartridges/day) would benefit cutting down smoking and quitting than those of less nicotine (\<16 mg/mL or \<3 cartridges/day), which has been supported by the previous publications showing that high levels of nicotine are needed to achieve smoking reduction or cessation and low-nicotine e-cigarettes were rarely used.^\[[@R37]\]^

This systematic review shows that the high occurrence rate of adverse events ranges from 49.1% to 51.6% and most of these events appear to wane spontaneously with time.^\[[@R38]\]^ Mouth irritation, throat irritation, and cough that were frequently reported by participants might be caused by hyperventilation, which was associated with longer puffing time with e-cigarettes.^\[[@R15]\]^ Alternatively, physical symptoms such as anxious and nervous, as well as other adverse events such as insomnia and headache, depressed mood, and sadness might be due to nicotine overuse. However, it should be noted that the reported adverse events might not be completely attributed to e-cigarettes use because the control group is generally missing in both observational studies and surveys. Although the potential health risks of long-term use of e-cigarettes are not fully addressed, the indoor air pollution from e-cigarettes has been reported in several investigations. It was reported that liquid particles of less than 2.5 micrometer diameter (PM~2.5~) were emitted when using e-cigarettes.^\[[@R39],[@R40]\]^ In addition, the potential initiation (gateway) efficiency of e-cigarettes has been reported in several internet-based surveys, showing that approximately 20% of the participants admitted that their initial cigarettes smoking is during the period of e-cigarettes use.^\[[@R41],[@R42]\]^ The occurrence rate of adverse events with e-cigarettes ≥3 cartridges/day (63.8%) was significantly higher than that of 1 to 2 cartridges/day (43.6%); it is most likely because higher e-cigarettes exposure dose would increase the risk of more toxic nicotine intake, which in turn will increase the risk of adverse events. As a result, the 6th session of the Conference of the Parties to the WHO Framework Convention on Tobacco Control (FCTC) in October 2014 acknowledged the need for e-cigarettes regulations, until sufficient data were provided on their efficiency and the safety.^\[[@R43]\]^

Notably, this study found that the variation of eCO level before and after e-cigarettes use was not remarkable (SMD 0.37 vs 0.23), suggesting eCO level is not a sensitive criterion to assess the efficiency of e-cigarettes. This finding seems to be controversial to the existing study that eCO level was universally biomarker in assessing exposure to cigarettes smoking.^\[[@R15]\]^ Actually, it is understandable if we know the necessity of eCO as a toxic gas normally generated during cigarettes combustion. No eCO could be measured in the case of e-cigarettes because no combustion existed when e-cigarettes are smoked. Thus, the vast majority of the detected eCO may be owing to the natural physical breath procedure. It is reasonably regarded that eCO is not a reliable parameter in evaluating the efficiency of e-cigarettes, thus newer biomarkers are desired.

Relapse is frequently reported on participants who have stopped using e-cigarettes for some time. A recent RCT study revealed that 30.0% participants (197 of 656) relapsed on the 50th day after stopping using e-cigarettes, and 47.3% participants (311 of 656) relapsed on the 100th day. In addition, the relapsed number increased to 431 participants (65.6%) on the 150th day and 443 participants (67.4%) on the 200th day^.\[[@R17]\]^ A prospective 12-month pilot study showed that participants began to relapse at the 8th week, and the relapse rate reached 71.3% after 52 weeks.^\[[@R16]\]^ In addition, 1 online survey that recruited 1006 UK adult e-cigarettes users showed that a staggering 84% of e-cigarettes users continue to smoke both cigarettes and e-cigarettes.^\[[@R44]\]^ According to another web-based survey on 222 first-time e-cigarettes buyers, 56.7% of ex-smokers continued to use e-cigarettes.^\[[@R45]\]^ With these data in mind, it could be inferred that the relapse rate after stopping using e-cigarettes for 1 year is considerably high because most reported relapse rates were higher than 60%. Whereas, lower relapse rates are also reported in a longitudinal study showing that only 6% participants (15 of 250) relapsed, and that 8% participants (20 of 250) relapsed to occasional smoking after 1 month of stopping e-cigarettes, and 15 participants (6%) relapsed overall, and 13 participants (5%) relapsed to occasional smoking even 1 year later.^\[[@R46]\]^ The lower relapse rate might be attributed to a small sample size. These results revealed that the high relapse rate of e-cigarettes after a long-term duration might be an important factor in evaluating the efficiency of e-cigarettes.

There are several limitations in this study. First, the control group is generally missing in the observational studies and surveys especially in the section of healthy risk so that adverse events could only be analyzed using single factor analysis, increasing the likelihood of bias. Second, the majority of the surveys are internet-based, so it cannot be excluded that more enthusiastic users are disproportionately participated; thus, the overall rate of satisfaction to the e-cigarettes may be overestimated. Third, the definition of the relapse is not consistent throughout the research because each included study had its own standard for relapse. Fourth, instability is found among the 6 subgroups according to the sensitivity analysis, which is probably because either the included publications are of fair quality, or the sample size is too small. In this case, the findings of this research maybe not generalizable to the general population, and should be viewed as suggestive, rather than definitive.

5. Conclusion
=============

E-cigarettes are the promising smoking substitute for cutting down smoking and quitting smoking by potentially diminishing the attractiveness or temptation of nicotine cigarettes smoking. Considering the adverse events and potential air pollution of e-cigarettes smoking, areas where e-cigarettes were permitted should be rationally regulated until additional studies with more rigorous study designs are warranted. eCO level is unsuitable in evaluating the efficiency of e-cigarettes and more reliable biomarkers for assessing and reducing adverse events are desired.
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